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Impedance  Measurement 
Crossed-Monopole 


This  investigation  experimentally  determines  the  input 
impedance  characteristics  of  various  cylindrical  crossed- 
monopole  antennas  at  2-12  GHz  frequencies  and  compares  the 

results  to  the  well  known  characteristics  of  the  cylindrical 
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for  the  loading  effects  of  the  arms  on  the  crossed-monopole 


antenna  and  resonance  effects  contributed  by  various  members. 


The  experimental  results  are  also  compared  to  the  results 


obtained  using  numerical  analysis. 
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ABSTRACT 


T his  investigation  experimentally  determines  the 
input  impedance  characteristics  of  various  cylindrical 
crossed- aonopole  antennas  at  2-12  GHz  frequencies  and 
compares  the  results  to  the  veil  knovn  characteristics 
of  the  cylindrical  aonopole  antenna.  The  analysis 
includes  a physical  reasoning  for  the  loading  effect 
of  the  arms  on  the  cross- aonopole  antenna  and 
resonance  effects  contributed  by  various  members.  The 
experimental  results  are  also  compared  to  the  results 
obtained  using  numerical  analysis. 
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I.  IMiaODOCTIOy 

A.  BACK  GB09MD 

The  characteristics  or  straight  cylindrical  antennas  are 
well  known  [King  1946].  Early  work  in  this  area  focussed  on 
electrically  thin  cylindrical  dipoles  over  a lossless, 
infinite  ground  plane.  Later  theory  expanded  on  these  ideal 

I «• 

conditions,  but  renained  centered  on  prinitive  shapes  due  to 
„ the  coaplexity  of  the  probiea.  A growing  body  of 

experiaental  data  on  sore  coaplex  configurations  has 
provided  the  basis  for  greater  understanding. 

Interest  in  the  crossed-dipole  receiving  antenna  has 
been  stiaulated  by  aodeling  an  aircraft  in  an 
llectroaagnetic  Pulse  (EBP)  environaent  as  a crossed- dipole. 
Bxperiaental  aeasureaents  on  thin  crossed  antennas  in  a 
plane- wave  electro aa g net ic  field  [Burton  1974;  Burton  and 
King  1975]  have  shown  the  charge  and  current  distrbutions, 
•ad  the  analytical  investigation  [King  and  Hu  1975]  gives 
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further  insight  into  the  problea. 

I J 

Since  crossed-structures  (either  as  a aodel  for  aircraft 
or  physical  structures  on  board  ships)  exist  in  considerable 
nusber s,  it  is  of  interest  to  deternine  the  transaitting 
characteristics  of  crossed- aonopoles.  The  charge  and 
current  distrbutions  of  the  transaitting  crossed-aonopole 
antenna  (be  Dowell  1976]  have  been  aeasured,  and  reasoning 
developed  in  the  analysis  of  the  receiving  crossed-dipole 
has  been  applied  to  the  transaitting  case  with  considerable 
success. 

' 

I . 

B.  THESIS  OBJECTIVE 

The  aajor  objectives  of  this  work  were  to  experimentally 
deternine  the  input  iapedance  characteristics  of  various 
crossed- aono pole  antennas,  coapare  the  results  with  the 
input  iapedance  of  coaparable  aonopole  antennas,  and  give 
physical  reasoning  of  the  loading  effects  of  the  aras  on  the 
crossed- aonopole  antennas.  The  secondary  objective  was  to 
coapare  the  results  with  those  obtained  by  using  numerical 
analysis. 


II . THEORY 


A.  HOHOPOLE 

The  input  iapedance  characteristics  of  a nonopole 
antenna  over  a perfectly  conducting  ground  plane  are 
tabulated  and  graphs  are  available  [Jordan  and  Balaain 
1968].  Pigure  1 shoes  a plot  of  the  theoretical  input 
resistance  and  reactance  versus  height-to-eavelength  ratio 
for  a aonopole  with  a height-to- radius  ratio  of  60.  Of 
particular  interest  are  the  peaks  of  the  resistance  curve 
and  the  zero-crossings  of  the  reactance  curve. 
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Figure  1.  - Impedance  Versus  Height-to-Wavelength  Ratio  for  a Monopole 


The  first  zero-crossin?  of  the  reactance  curve  occurs  at 
a height-t ©-wavelength  ratio  of  about  one-quarter  and 


corresponds  to  an  antenna  operating  at  resonance.  The 
charge  and  current  distributions  for  the  one-quarter 
wavelength  aonopole  antenna  are  shown  in  Figure  2(a).  The 
next  zero-crossing  of  the  reactance  curve  and  the  first  peak 
of  the  resistance  curve  occur  at  a height-to- wavelength 
ratio  of  about  one-half  and  correspond  to  an  antenna 
operating  at  antiresonance.  The  charge  and  current 
distributions  for  the  half  wavelength  aonopole  antenna  are 
shown  in  Figure  2(b).  ks  the  height-to-wavelength  ratio 
increases  there  will  be  an  occurrence  of  alternating 
resonance  and  antiresonance.  The  resonance  corresponding  to 
odd  one-quarter  height-to-wavelengt h ratio,  and 
antiresonance  corresponding  to  even  one-quarter 
height-to-wavelength  ratio.  The  charge  and  current 
distributions  for  the  three-quarter  wavelength  aonopole 
antenna  are  shown  in  Figure  2(c),  and  the  distributions  for 
a full  wavelength  aonopole  are  shown  in  Figure  2(d) . 


Due  to  end-effect  and  shortening  of  the  wavelength  on 
the  antenna  when  coapared  to  the  freespace  wavelength,  the 
resonance  and  antiresonance  will  not  occur  at  exact 


■ultiples  of  one-quarter  height-to-vavelength  ratio  but  will 
occur  at  a lover  frequency.  The  height  of  the  peaks  of  the 
resistance  and  reactance  curves  are  related  to  the 
height-to-radius  ratio.  is  the  ratio  increases  the  peaks 
will  also  increase.  In  the  linit  as  the  radius  approaches 
zero  the  peaks  will  approach  infinity. 


B.  CROSSED— BO NO POLE 


i>  As  ft  i&adad  ganfleais 

Figure  3(a)  shows  a crossed-aonopole  antenna  with 
the  cross  placed  on  top  of  a nonopole  of  height  h^.  The 

aras  of  the  cross  provide  additional  conductors  on  which 

current  can  flow  and  charge  can  accuaulate,  and  also  create 
a capacitance  effect  between  the  loading  eleaents  and  the 
iaage  plane.  The  additional  capacitance  gives  the  antenna 
an  effective  height  which  is  longer  then  h^.  This  effect  is 

often  used  when  constructing  VLF  antennas  by  placing  a top 
hat  on  the  antenna  in  order  to  iaprove  the  antenna  input 
characteristics.  The  increased  effective  height  caused  by 
the  aras  also  increases  the  height-to-radias  ratio  which 
will  increase  the  aagnitude.  of  the  resistance  at 
antiresonance. 

The  anount  of  capacitance  and  the  increase  in  the 
effective  height  is  directly  related  to  the  length  of  the 
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aras.  If  and  h^  are  the  saae  length  then  the 

antiresonant  peaks  on  the  plot  of  resistance  versus 

frequency  will  renain  sharp;  but,  if  h and  h are  of 

3 4 

different  lengths,  then  the  antiresonat  peaks  will  be  wider 
or  two  peaks  say  occur. 

is  the  eras  on  the  crossed-aonopole  are  lowered,  as 
shown  in  Figure  3(b),  the  effective  height  of  the  antenna 
will  decrease.  The  aonopole  section  (h^)  is  now  shorter  and 

is  loaded  with  three  eleaents  (h  ,h  , and  h ) . In  the 

2 3 4 

general  case  where  all  three  loading  eleaents  are  of 

different  lengths,  the  results  becoae  extreaely  coupler. 

There  can  exist  resonance  or  antiresonance  with  h and  any 

1 

of  the  loading  eleaents,  and  also  resonance  aay  take  place 
on  any  coabination  of  two  of  the  loading  eleaents. 
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(a)  (b) 

Figure  3 . - 

Crossed-Monopole  Antennas 


2*  Cfr«33  &B4  Distribution 

The  boundary  conditions  at  the  junction  are  equal 
distribution  of  the  charge  between  the  connecting  conductors 
and  Kirchoff's  current  law  which  when  applied  at  the 
junction  requires  the  suaaation  of  the  currents  be  zero. 
Since  the'  am  elements  are  perpendicular  to  the  aonopole, 
there  is  no  induct iwe  coupling  between  the  aonopole  and  the 
ara.  The  electric  (B)  field  eaanating  froa  the  aonopole  is 
oriented  radially  so  as  to  induce  opposing  currents  in 
opposite  eras.  The  aagnitade  of  these  induced  currents  and 
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thus  the  nagnitude  of  the  charge  and  current  distributions 
on  the  aras  is  proportional  to  the  strength  of  the  E field 
vhich  is  directly  related  to  the  surface  charge  in  the 
proposed  junction  region. 

Figure  4(a)  shows  the  zero-order  distribution  of 
charge  along  the  vertical  conductor  when  the  cross  is 
located  at  a ainiaun  in  the  standing-wave  pattern.  Owing  to 
sysaetry  the  forces  in  the  horizontal  aras  caused  by  the 
charge  in  the  two  adjacent  guarter  wavelength  of  the 
standing-wave  distribution  will  be  180  degrees  out  of  phase 
and  provide  autually  canceling  forces,  ihe  only  force  which 
will  cause  current  in  the  aras  aust  coae  froa  the  charge 
distribution  reaotely  located  froa  the  junction,  therefore, 
the  currents  on  the  horizontal  arns  will  be  snail. 

Figure  4 (b)  shows  the  zero-order  distribution  of 
charge  along  the  vertical  conductor  when  the  cross  is 
located  at  a aaziaua  in  the  standing-wave  pattern.  The 
charge  near  the  junction  no  longer  creates  forces  in  the 
aras  which  are  180  degrees  out  of  phase, < but  exerts  forces 
vhich  are  uncanceled  in  the  aras  and  parallel  to  the  are 
axis.  These  forces  act  to  induce  currents  in  the  aras. 


16 


(a)  (b) 


Figure  4 . - 

Illustration  of  Forces  Acting  on  Charges 
in  the  Horizontal  Elements 

Figure  5(a)  and  5(b)  illustrates  the  zero-order 
charge  and  current  distributions  of  the  horizontal  arns  of 
one-guarter  wavelength  and  one-half  wavelength  respectively. 
In  practice  the  distributions  on  both  the  vertical  neeber 
and  horizontal  arns  will  be  different  fron  the  zero-ord9r 
distributions  shown.  The  forces  between  the  charges  on  the 
different  aeabers  will  nodify  the  distributions.  This 
effect  is  eost  noticeable  when  a charge  aazinun  occurs  at 
the  junction.  Vhen  analyzing  the  input  inpedance  over  a 
vide  range  of  freguency  for  various  crossed- nonopole 
structures  all  possible  conbination  of  the  above 
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A.  HUE  STRUCTURES 

The  aoQopoles  and  crossed- aonopoles  were  constructed 
using  Aaerican  (BSS)  gauge  19  solid  copper  wire.  The 
noainal  diaaeter  of  the  wire  is  .91  aa  with  an  ohaic 

-5 

resistance  of  1.66x10  ohas/aa  at  20°C.  The  junctions  of 

j ‘ 

the  crossed- aonopoles  were  constructed  using  3A660SH  solder 

and  then  shaped  to  aaintain  unifora  diaension.  length 
diaensions  were  controlled  to  within  ±0.1  aa. 

Figure  6 is  a photograph  of  the  wire  structures  used  in 
this  experiaent,  and  Figure  7 is  a drawing  of  the  antennas, 
■ote  that  in  sons  cases  in  order  to  obtain  a structure  with 
the  era  at  a different  position  a previously  used  structure 
was  aerely  inverted.  Except  in  cases  where  the  top  of  the 
vertical  aeaber  was  reaoved  in  order  to  separate  its  effect 
froa  that  of  the  eras,  all  vertical  aesbers  of  the 
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crossed- aono poles  are  30 


In  the  frequency  range  used 


(2- 126Hz)  this  length  corresponds  to  a length  of  less  than 


one-quarter  wavelength  for  the  lowest  frequency  to  about 


five-quarters  of  a wavelength  for  the  highest  frequency 


t 


B.  TEST  FIXTURE 


Three  aajor  features  were  considered  in  choosing  the 
appropriate  test  fixture.  The  reflections  caused  by  the 
connecters  and  adapter  should  be  ainiaal  in  order  to  reduce 
the  distortion  in  the  iapedance  curves.  To  avoid  resonant 
effects  between  the  center  conductor  and  the  shield,  the 
space  froa  the  center  of  the  adapter  to  the  shield  should  be 
saa-11  when  coapared  to  the  wavelength  of  the  highest 
frequency  used.  Also  the  ground  plane  diaensions  should  be 
large  when  coapared  to  the  wavelength  of  the  lowest 
frequency  used  in  order  to  ainiaize  the  effects  of  a finite 
ground  plane.  Several  configurations  were  tried  before  the 
one  described  below  was  choosen. 

Ellflll  Adapts 

An  OSH217  ainiature  in-series  jack/ jack  coaxial 
adapter  was  used  in  order  to  connect  to  the  ground  plane. 
Figure  8 is  a drawing  of  the  adapter.  Note  the  diaensions 
cosply  with  the  second  consideration  listed  above.  A hole 
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was  drilled  and  tapped  in  the  ground  plane  and  the  adapter 
was  screwed  into  the  tapped  hole.  The  flange  on  the  adapter 
was  ground  down  flush  with  the  center  insulator  and  the 
adapter  adjusted  to  fit  flush  with  the  ground  plane.  The 
resulting  fixture  allowed  the  wire  antennas  to  be  inserted 
1.5  ■■  into  the  hollow  center  conductor  of  the  adapter. 


Side  End 


Figure  8.  - Female  Adapter 


2.  ssgaad  Elans 


The  ground  plane  wa3  constructed  froa  a square,  5 an 
thick,  plate  of  aluainua  with  sides  of  61  ca.  Note  the 
diaension  coaply  with  the  third  consideration  listed  above. 


V 


In  order  to  aiaiaize  the  nunber  of  interfaces  in  the 
electrical  connection  between  the  test  fixture  and  aeasuring 

r 

equipment,  the  ground  plane  was  noun ted  vertically  in  a 
wooden  rack  and  the  adapter  connected  to  the  aeasuring 
equipaent  with  a single  connecter.  Figure  9 is  a drawing  of 
the  ground  plane  showing  the  position  of  the  adapter.  Figure 
10  is  a photograph  of  the  ground  plane  with  an  antenna 
aounted  in  the  adapter. 


Figure  10.  - Photograph  of  the  Ground  Plane 


3-  £M&&3£ 


In  order  to  ainiaize  the  return  of  radiated  energy, 
the  test  fixture  was  iaaersed  in  an  anechoic  chaaber. 
Figure  1 1 is  a photograph  of  the  anechoic  chaaber  with  the 
wooden  rack  used  to  hold  the  ground  plane  in  position.  The 
chaaber  was  constructed  using  10  ca  thick  Eccosorb  H radar 
absorbing  aaterial  and  had  diaension  of  120  x 60  x 60  ca. 
One  side  of  the  chaaber  was  open  so  that  the  chaaber  could 
be  pushed  orer  the  vertically  aounted  ground  plane.  In 
order  to  check  the  effectiveness  of  the  chaaber,  the  readout 
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Figure  11.  - Photograph  of  the  Anechoic  Chaaber 


C.  MEASOHEMENT  SYSTEM 


of  the  eeasuriag  equipment  was  observed  while  the  chaaber 
was  placed  over  the  ground  plane  and  reaoved.  Also  while 
the  chaeber' s position  was  shifted.  Interference  froa 
returned  energy  was  observed  in  the  2-4  GHz  range  with  the 
chaaber  reaoved.  No  effects  froa  returned  energy  were 
observed  with  the  chaaber  in  place. 


lips  dance  aeasureaents  were  aade  using  the  HP-8410s 
Microwave  Network  Analyzer  and  Hang  600  Prograaaable 
Calculator.  The  results  of  the  neasureaents  were  iapedance 
data  in  tabulated  fora.  Figure  12  is  a photograph  and 
Figure  13  is  a block  diagraa  of  the  Network  Analyzer. 


Figure  13.  - Block  Diagram  of  the  Network  Analyzer 


2.  Qgitrtiga 


* 

By  utilizing  three  different  BF  units  is  the 
BP-8690B  Sweep  Oscillator  the  desired  freguency  range  was 
covered  in  three  steps  (2-4  GHz,  4-8  GHz,  and  8*12  GHz). 
She  output  of  the  oscillator  was  feed  into  the  HP-8743A 
Beflection/Transaission  Test  Set  where  a reference  signal 
was  coupled  off  and  sent  to  the  BP-8411 A Harnonic  Freguency 
Converter.  The  reaaining  BF  signal  was  sent  to  the  itea 
under  test. 

Bhen  the  test  itea's  input  iapedance  differed  froa 
the  characteristic  iapedance  of  the  transaission  line,  part 
of  the  BF  signal  was  reflected  bach  into  the  test  set.  The 
reflected  signal  was  coupled  into  the  haraonic  freguency 
converter  by  use  of  a directional  coupler.  Both  the 
reference  signal  and  the  reflected  signal  were  sa spied  in 
the  haraonic  freguency  converter,  and  the  saaples  were  sent 
to  the  HP-84 10A  letwork  Analyzer  Bainfraae.  By  coaparing 
the  aaplitude  and  phase  of  the  reflected  and  reference 
aaaplea  in  the  network  analyser  the  reflection  coefficient 
(k)  was  deterained  and  displayed  on  the  HP-84 14A  Polar 
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Display.  The  normalized  input  ispedance  (z)  of  the  itea 
under  test  was  calculated  from  the  reflection  coefficient 
using  the  equation  shown  below. 

z*  (1+k)/  (1-k) 

The  normalized  impedance  was  calculated 
automatically  by  taking  the  X and  T voltages  from  the  polar 
display , which  are  proportional  to  the  real  and  imaginary 
components  of  the  reflection  coefficient,  and  feeding  then 
into  a HP-3420  measurement  system  where  the  voltages  were 
converted  into  digital  signals.  The  resulting  digital 
signalm  were  sent  through  the  Hang  635-11  Micro- Interface 
and  the  Hang  623-6  Input/Output  Buffer  into  the  Hang  600-14 
Calculator.  The  calculator  was  programmed  to  use  the  input 
digital  signals  to  calculate  the  normalized  impedance  and 
store  the  information  in  memory.  The  normalized  impedance 
was  obtained  for  each  desired  frequency  in  the  frequency 
range  of  interest.  The  list  of  the  normalized  impedances  in 
the  calculators  memory  was  printed  upon  demand. 

i 

3.  SlUfcll UgP 


In  order  to  obtain  accurate  data  from  the  network 


analyzer  the  systea  aust  first  be  calibrated  using  a known 
load.  Voraal  procedure  is  to  place  a short  at  the  plane 
where  the  test  itea  is  to  be  placed.  This  procedure  results 
in  a reflection  coefficient  of  aagnitude  one  and  phase  angle 
of  -180  degrees.  The  systea  is  then  adjusted  to  give  the 
proper  results  On  the  polar  display. 

Another  aethod  of  calibrating  the  systea  is  to  use 
an  open  at  the  plane  where  the  test  itea  is  to  be  placed. 
This  procedure  results  in  a reflection  coefficient  of 
aagnitude  one  and  phase  angle  of  zero  degrees.  Since  an 
open  coaxial  line  is  not  of  infinite  iapedance  but  has  soae 
snail  value  of  capacitance,  aoae  error  will  result  froa  this 
procedure.  Bowever,  as  shown  below,  the  error  resulting 
froa  the  use  of  an  open  for  calibration  was  snail  when 
coapared  to  the  iaproueaeat  in  the  resulting  iapedance 
plots. 

Za  order  to  get  an  accurate  iapedance  versua 
fregueacy  plot,  a large  auaber  of  points  was  desirable.  Due 
to  aonlinearities  in  the  systea  the  aystea  reguired 
calibration  for  each  frequency  used,  and  it  becaae 
iapractical  to  use  the  procedure  described  above.  Instead 
the  iapedance  of  both  the  open  test  fixture  and  the 


antenna 


under  test  were  aeasured  at  each  desired  frequency  and  the 
value  of  the  ispedance  for  the  open  test  fixture  was  used  to 
correct  the  neasured  ispedance  of  the  test  antenna.  This 
aethod  of  correction  had  the  saae  effect  as  calibrating  the 
systea  for  each  frequency. 

figure  14,  figure  15,  and  rigure  16  are  plots  of  the 
aeasured  aagnitude  and  phase  of  the  reflection  coefficient 
versus  frequency  for  the  open  test  fixture,  30  an  aonopole, 
and  39  an  aonopole  respectively.  The  reflection  coefficient 
for  the  open  test  fixture  should  have  a aagnitude  of  one 
with  a phase  of  zero  degrees.  The  distortions  in  the 
reflection  coefficient  are  caused  by  reflections  froa  the 
interfaces  of  the  nu aero us  connecters  in  the  systea. 

In  order  to  deter ain  the  effects  of  the  connecter 
required  to  connect  the  test  fixture  to  the  aeasureaent 
equipaeat,  a short  was  placed  directly  on  the  aeasuring 
equipaent,  and  siailar  distortions  in  the  aeasured 
reflection  coefficient  aere  noted.  The  distortions  in  the 
reflection  coefficient  for  the  open  test  fixture  were  of  the 
saae  aagnitude  aa  those  for  a short  placed  directly  on  the 
aeasuring  equipaeat,  therefore,  the  additional  connecter 
required  to  connect  the  test  equipaeat  added  little  to  the 


overall  errors  in  tho  systoa 


Figure  14.  - Reflection  Coefficient  Versus  Frequency 
for  the  Open  Test  Fixture 


Figure  15.  - Reflection  Coefficient  Versus  Frequency 
for  the  Uncorrected  30  nun  Monopole 
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Figure  16.  - Reflection  Coefficient  Versus  Frequency 
for  the  Uncorrected  39  mm  Monopole 


In  figure  15  and  16  the  peaks  iu  the  magnitude 
curves  correspond  to  antiresonance,  and  the  dips  to 
resonance.  The  curves  are  smooth  during  resonance,  but 
there  are  distortions  in  the  curves  caused  by  reflections 
from  the  ccnnecter  interfaces  during  the  antiresonance. 
During  antiresonance  the  antenna's  reflection  coefficient  is 
similar  to  that  of  an  open.  The  effects  of  the  connector 
interfaces  in  this  area  is  also  similar  to  that  of  an  open, 
therefore,  the  use  of  an  open  to  correct  the  measurements  of 
the  antenna  canceled  much  of  the  effects  of  the  connecter 
interfaces.  This  improvement  in  the  accuracy  of  the 
reflection  coefficient  is  the  reason  the  system  was 
calibrated  using  an  open  rather  than  a short. 


The  equations  shown  below  were  used  to  correct  the 
measured  reflection  coefficient  of  the  test  antennas. 


k » k-k  (k  -1) 
c o 


p » p-p  *p 

c o o2 


the  reflection  coefficient  magnitude  for  the  open 


o 

test  fixture 


39 


p * the  reflection  coefficient  phase  for  the  open  test 
o 

fixture 


p * the  reflection  coefficient  phase  for  the  open  test 
o2 

fixture  at  2 GHz 

k * the  reflection  coefficient  Magnitude  of  the  test 
antenna 

p * the  reflection  coefficient  phase  of  the  test  antenna 

k * the  corrected  value  for  the  reflection  coefficient 
c 

Magnitude  of  the  test  antenna 


p * the  corrected  value  for  the  reflection  coefficient 
c 


phase  of  the  test  antenna 


By  first  calibrating  the  systea  on  a short,  the 

distortions  in  k varied  about  one.  Subtracting  one  froa  k 
o o 

gave  the  aeaaored  value  of  the  erorr.  Froa  Figure  15  and  16 

it  vas  observed  that  the  distortion  in  k increased  as  k 

increased.  is  shown  in  the  equation  above,  a linear 

relation  was  assuaed  and  gave  good  results.  The  aeasured 

value  of  the  distortion  Multiplied  by  k vas  subtracted  froa 

k to  obtain  the  corrected  value  for  the  Magnitude  of  the 


reflection  coefficient. 


t 


The  phase  for  ao  ideal  open  should  be  zero,  but  due 

to  nonlinearities  and  the  distortions  the  aeasured  value  of 

p was  not  zero.  The  nonlinearities  caused  a phase  shift 
o 

which  was  a function  of  frequency,  and  the  distortions  were 

a function  of  frequency  and  also  of  the  sagnitude  of  the 

reflection  coefficient.  Since  the  exact  nature  of  the  phase 

shift  caused  by  nonliaearities  was  unknown,  the  two  effects 

could  not  be  separated.  Subtracting  p fros  p did  not 

o 

account  for  changes  in  p as. a function  of  k but  gave  good 

o 

results.  In  order  to  correct  for  the  error  caused  by 

calibrating  the  systea  on  an  open,  p was  added  to  p-p  . 

o2  o 

This  procedure  is  not  exact  since  the  error  is  a function  of 

frequency,  bat  it  did  add  to  the  overall  accuracy  of  the 
results.  Figure  17  is  a plot  of  the  reflection  coefficient 
for  the  30  as  aonopole  after  the  aeasureaents  have  been 
corrected  using  the  seasnresents  taken  of  the  open  test 
fixture.  Although  not  all  of  the  distortions  have  been 
canceled,  considerable  iaproveneat  was  obtained. 


hi 


Figure  17.  - Reflection  Coefficient  Versus  Frequency 
for  the  Corrected  30  mm  Monopole 


4.  IWKifl 

The  Seith  Chart  shoes  the  relation  between  the 
reflection  coefficient  and  the  noraalized  iapedance.  It  is 
observed  that  when  the  reflection  coefficient  is  large  with 
zero  phase  then  snail  changes  in  the  reflection  coefficient 
result  in  large  changes  in  the  nornalized  iapedance.  Proa 
observing  Figure  17  it  is  estiaated  that  errors  in  the 
reflection  coefficient  of  about  ±3*  exist  when  the 
reflection  coef f icient * s aagnitude  approachs  one.  This 
error  is  considered  within  the  liaitations  of  the  equipaeat 
used.  However,  the  percent  error  in  the  calculated 
iapedance  aaj  be  larger  due  to  conversion  froa  reflection 
coefficient  to  iapedance. 

It  is  unfortunate  that  the  largest  errors  occur  when 
the  reflection  coefficient  is  large  thereby  increasing  the 
error  in  the  calculated  iapedance.  But  this  results  is  as 
anticipated.  As  aentioned  earlier  the  distortions  in  the 
reflection  coefficient  are  caused  by  reflections  froa  the 
nuaerous  connecter  interfaces.  Bhea  the  reflection 
coefficient  aagnitude  is  saalT  aost  of  the  power  froa  the 
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source  is  being  radiated  by  tbe  antenna  and  only  snail 
errors  are  noted , bat  when  tbe  reflection  coefficient 
aagnitade  is  large  then  tbe  energy  is  reflected  back  into 
tbe  source , and  a-dditional  distortion  is  caused  by  tbe 
connecter  interfaces  due  to  tbe  tvo-vay  travel  and  resonant 
effects  set  up  between  interfaces. 
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I?.  SttMIMIAii  FBQCMgM 


A.  DATA  ACQOXSIZIOV 

Data  was  acquired  using  the  eguipaent  described  in 
section  III.  Bach  tine  the  test  fixture  was  setup  the 
following  procedure  was  used.  First  the  network  analyzer 
was  calibrated  at  2 GHz  using  a short  placed  at  the  sane 
physical  distance  froa  the  test  set  as  the  ground  plane. 
Beat,  with  the  open  ground  plane  attached,  iapedance 
aeasureaents  were  taken  every  SO  HBz  froa  2 to  12  GHz. 
Since  the  aeasureaents  taken  of  the  open  ground  plane  were 
used  to  correct  the  antenna  aeasureaents,  the  open  ground 
plane  aeasureaents  were  taken  every  tine  the  systea  was 
setup  in  order  to  siaisize  the  effects  caused  by  changes  in 
the  setup  or  calibration,  aeasureaents  were  then  taken  of 
the  desired  antesaas.  The  aeasureaents  were  again  taken  at 
every  50  flflz  froa  2 to  12  GHz  with  frequency  accuracy  held 
to  ±1  HBz. 


B.  DATA  PROCESS IMG 


r1 

The  data  acquired  as  stated  above  was  a printed  list  of 
the  noraalized  impedance  for  each  frequency  step.  The  data 
was  entered  into  the  BP  9821 A calculator  where  it  was 
corrected  using  the  equation  described  in  section  III  and 
then  ploted  on  the  BP  9862A  plotter.  Fiqure  18  is  a 
photograph  of  the  BP  9821A  calculator  and  BP  9862A  plotter. 


Pigure  18.  - Photograpg  of  th  BP  982 1A  Calculator 
and  BP  9862A  Plotter 


C.  ACCOBACT 
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Figure  19  is  a plot  of  the  aeasured  ispedance  versus 
frequency  for  a 30  as  aoaopole  compared  to  theory.  The 
ioforsatioo  for  the  theoretical  aoaopole  [Jordan  and  Balsain 
1968]  is  for  a 30  aa  aonopole  with  a height- to- radius  ratio 
of  aboat  60.  The  test  aonopole  also  has  a height  of  30  an 
aad  a he ight-to- radius  ratio  of  about  67. 


lots  the  distortions  in  the  peaks  of  the  aeasured 
curves.  These  distortions  are  caused  froa  errors  in  the 
aeasured  reflection  coefficient.  Bhen  the  reflection 
coefficient  is  large  vith  zero  phase  the  resulting  error  in 
the  calculated  iapedaace  is  large.  These  condition  occur  on 
the  iapedaace  plots  ebea  the  aagnitude  of  the  resistance  is 
large  aad  the  reactance  is  changing  froa  positive  to 
negative,  figure  20  is  a polar  plot  of  the  reflection 
coefficient  oa  a Snith  Chart.  It  can  be  clearly  seen  on 
figure  20  that  is  the  areas  of  e-5  GHz  aad  9-10  GHz  a snail , 
change  is  the  reflection  coefficient  will  cause  a large 
change  ia  the  iapedaace. 

There  ia  also  a horizontal  shift  at  9 GHz  in  the 
aeasured  corvee  whoa  con pa red  to  the  theoretical.  The 
source  of  this  error  is  probably  the  result  of  the  aethod 
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QMd  to  call  beat*  tha  systea.  When  a voltage  is  applied  to 
an  open  coaxial  line  the  electric  field  will  bulge  outward. 
This  bulging  has  the  effect  of  extending  the  plane  of 
reflection,  therefore,  the  systea  was  calibrated  to  a plane 
slightly  beyend  the  end  of  the  coaxial  line.  The  change  in 
the  phase  of  the  reflection  coefficient  with  a short  and 
with  an  open  was  neasured  at  2 GHz,  and  this  value  was  used 
to  coapensate  for  the  error  caused  by  calibrating  the  systea 
on  an  open.  However,  the  error  is  senewhat  frequency 
dependent,  therefore,  soae  error  is  still  observable.  This 
error  is  saall  and  does  not  detract  fros  the  overall  shape 
of  the  iapedance  curves. 


MM 


Comparison  of  the  Measured  and  Theoretical  Impedance  Versus 
Frequency  for  a 30  mm  Monopole 


?.  BIPERIMBHTAL  RESULTS  AMD  A MALY SIS 


Following  are  a few  general  coaaents  concerning  the 
iapedance  plots  which  are  shown  in  this  section.  The 
frequency  is  labeled  on  the  horizontal  axis  and  in  all  plots 
ranges  froa  2 to  12  GHz.  The  vertical  axis  is  labeled  ohas, 
and  the  scale  any  differ  froa  plot  to  plot.  The  diaension 
of  the  antenna  figures  shown  on  the  graphs  are  given  in 
ailliaeters  and  have  been  rounded  off  to  the  nearest 
integer.  The  exact  aeasureaents  of  the  antennas  can  be 
found  in  Figure  7.  The  resistance  curves  are  dotted  lines 
with  each  dot  the  result  of  an  experiaental  aeasureaent. 
The  reactance  curves  are  dashed  lines  which  were  created  by 
joining  every  other  pair  of  data  points  together.  The  ends 
of  each  dash  still  are  the  result  of  an  experieental 
aeasureaent. 


A.  SOMO POLES 


The  iapedance  char at eristics  of  several  aonopoles  were 


aeasured  and  the  results  compared  to  that  of  well 
established  theory  in  order  to  establish  the  accuracy  and 
reliability  cf  the  aeasuring  equipment  and  procedures. 

i • 1 

i . 21  Bi  ttaagfiglg 

Pigure  21  is  a plot  of  the  aeasured  driving  point 
resistance  and  reactance  for  a 21  aa  aonopole.  As  noted 
earlier  errors  in  the  measured  reflection  coefficient  cause 
noticeable  distortions  of  the  calculated  iapedance  in  the 
vicinity  of  resistance  peaks. 

The  guarter-vave  resonant  occurs  at  about  3.3  GHz. 
This  value  coapares  well  with  a theoretical  aonopole  of  the 
saae  diaensicns.  The  height-to- radius  ratio  is  46.7,  and 
with  soae  interpolation  the  theoretical  value  of  the 
resistance  at  the  half-wave  antiresonant  peak  should  be 
about  410  ohas.  This  value  agrees  with  the  measured  value, 
and  the  overall  shape  of  the  curves  agrees  with  the 


2.  IS  II  Bfittggglg 

Figure  22  is  a plot  of  the  input  iapedance  for  a 30  aa 
aonopole.  A graphical  coaparison  with  a theoretical 
aonopole  of  the  saae  diaensions  was  conducted  in  Figure  19 , 
and  a detailed  description  of  the  coaparison  is  given  in 
section  IV.  in  coaparing  the  30  aa  aonopole  iapedance 
characteristic  curves  with  those  for  the  21  aa  aonopole,  one 
can  easlily  see  the  shift  in  the  half-wave  antiresonant 
point  and  an  occurance  of  a full-wave  antiresonant  point. 
This  shift  is  due  to  the  additional  height  of  the  30  aa 
aonopole.  Bith  a longer  antenna  a longer  wavelength,  lower 
freguency,  is  required  to  excite  the  saae  aode.  Also  there 
is  an  increase  in  the  peak  resistance  due  to  the  increase  in 
the  height-to- radius  ratio. 


Figure  22.--  Impedance  Versus  Frequency  for  a 30  mm  Monopole 


3.  3J  u Bflftgfiglt 


As  tbs  height  of  tbs  sots  ana  is  increased  tbs 
antiresonant  peaks  shift  to  tbs  lsft  and  tbs  height  of  tbs 
peaks  incrsass.  Figure  23  is  a plot  of  tbs  iapat  ispsdaocs 
versus  frequency  foe  a 39  ss  aoaopols.  Tbs  lsft  shift  is 
tbs  half-wave  and  full-wave  antirssoaant  points,  sbsa 
coapared  to  tbs  30  ss  aonopols,  can  bs  clsarlj  sssn.  Also  a 
rssistancs  peak  corresponding  to  a one-and-a-half-wave 
antirssoaant  point  is  visible.  Tbs  frequencies  at  which  tbs 
resonant  and  antirssoaant  points  occur  coapare  well  with  tbs 
theoretical  values.  Tbs  errors  are  of  ^.bs  sans  aagnituds  as 
those  noted  on  the  30  as  aonopols  curves  and  occur  for  tbs 
sane  reason.  Tbs  height -to-radius  ratio  is  87.  Froa  tbs 
tbeorstical  graphs  [Jordan  and  Balaain  1368]  this 
corresponds  to  a rssistancs  of  about  580  ohas  on  tbs 
half-wave  antirssoaant  peak  which  coapares  well  with  tbs 
asasursd  value. 


4.  4fi  11  flglft Bill 
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Figure  24  is  a plot  of  the  iapedance  versus 
freguency  for  a 48  ■■  aonopole.  Several  resistance  peaks 
corresponding  to  antiresonant  effects  can  be  seen.  A 
coaparison  of  the  curves  with  theoretical  values  gives 
siailar  results  as  the  other  aonopoles. 


Figure  24.  - Impedance  Versus  Frequency  for  a 48  mm  Monopole 


B.  CROSSED- BO MOPO LE 

The  results  of  the  aeasureaents  on  the  sonopole  antennas 
described  above  deaost rated  the  accuracy,  reliability,  and 
lisitatioas  of  the  test  eguipaent  and  procedures.  The  aost 
noted  errors  are  the  distortions  of  the  peaks  due  to 
reflections  froa  connecter  interfaces.  These  errors  liait 
soae  of  the  conclusions  that  can  be  obtained  froa  the 
following  crossed-aonopole  curves,  but  the  effects  are 
saall. 


! 


Figure  25  is  a plot  of  the  iaput  iapedance 
characteristics  of  a crossed-aonopole  Case  1 where  two  15  an 
eras  have  been  placed  oa  top  of  a 30  aa  aonopole.  is 
anticipated  froa  the  theory  of  top  loaded  antennas,  the 
curves  reseable  those  of  a aonopole  but  shifted  to  the  left. 
This  shift  to  the  left  has  the  effect  of  asking  the  antenna 
appear  taller  than  30  aa. 
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The  effective  height,  fron  an  iapedance  point  of 

/ 

view/  of  the  antenna  varies  with  frequency.  it  the 
half-wave  antiresonant  point,  the  antenna  reseables  a 45  as 
aonopole,  and  at  5.4  GHz  or  the  three-quarter  wavelength 
resonant  point,  the  antenna  appears  as  a 41  aa  aonopole. 
Also  for  the  full-vave  antiresonant  frequency  , the  antenna 

t 

reseables  a 39.5  aa  aonopole.  This  apparent  shortening  of 
the  antenna  as  frequency  increases  is  due  to  a change  in  the 
capacitance  froa  the  aras  to  the  iaage  plane  caused  by  the 
change  in  the  charge  distribution  on  the  aras. 

figure  5(a)  shows  the  first-order  distribution  of 

the  charge  and  current  on  the  ara  at  one- quarter  wavelength. 

- 

; 

it  2 GHz  the  15  aa  ara  is  about  .1  wavelengths  long,  and  the 
charge  distribution  will  be  nearly  unifora.  it  about  4.2 
GHz  the  charge  distribution  will  be  as  shown  in  Figure  5 (a) , 
and  there  will  be  less  total  charge  on  the  ara  which  will 
result  in  less  capacitance  *froa  the  aras  to  the  ground 
plane,  is  the  frequency  increases  the  total  charge  will 

decrease  since  the  additional  charge  will  be  of  opposite 

. 

polarity.  Figure  5(b)  shows  the  first-order  charge  and 
current  distributions  on  the  ara  when  the  ara  is  one-half 
•aveleagth  long.  The  negative  portion  of  the  charge  curve 
is  aa  excess  of  electrons,  and  the  positive  portion  is 
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exposed  positive  ions.  The  capacitance  iron  the  aras  to  the 

j ground  plane  is  distributed  over  the  length  of  the  aras,  and 

due  to  the  change  in  the  charge  polarity  the  sun  of  the 
distributed  capacitance  will  be  zero.  The  half* wave 

distribution  should  occur  at  about  3.2  GHz,  but  the 
distribution  requires  a charge  aaxiaua  at  the  junction.  As 
seen  froa  aeasured  charge  and  current  distributions  [He 
Dowell],  as  the  charge  aaxiaua  builds  up  at  the  junction  the 
repelling  effect  of  the  charges  on  the  vertical  aeaber  tends 
to  dfferease  the  build-up.  This  effect  keeps  the  zero-order 
half-wave  distribution  froa  occuring.  The  capacitance  of 
the  aras  decreases  as  the  frequency  increases  but  does  not 
go  to  zero. 

One  can  aodel  the  resonant  points  of  the  iapedance 
curves  as  series  resonant  circuits  and  the  antiresonant 
points  as  parallel  resonant  circuits.  The  resonant 
frequency  is  inversely  proportional  to  the  squareroot  of  the 
capacitance.  If  one  assuaes  that  a change  in  the  resonant 
frequency  is  caused  by  a change  in  the  capacitance,  the 
factor  by  which  the  capacitance  oust  change  is  equal  to  the 
square  of  the  ratio  of  the  old  resonant  frequency  over  the 
new  resonant  frequency.  The  factor  by  which  the  capacitance 
aust  increase  to  change  the  resonant  frequency  froa  that  of 
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a aonopole  of  heigth  equal  to  the  vertical  aeabec  below  the 
cross  to  that  of  the  crossed-aonopole  can  be  calculated 
using  the  above  relation.  This  factor  will  be  an  indication 
of  the  a noun t of  capacitance  added  by  the  aras.  Since  the 
aodel  of  the  input  ispedance  characteristics  by  alternating 
series  and  parallel  circuits  is  not  exact,  care  aust  be 
taken  when  using  this  analysis  technique. 

For  the  Case  1 crossed-aonopole,  the  factors  by 
which  the  capacitance  increases  are  2.36  at  half-wave 
antiresonance,  1.86  at  three-quarter-wave  resonance,  and 
1.73  at  full-wave  antiresonance.  The  effective  capacitance 
decreases  as  the  frequency  increases  and  corresponding  to  a 
decrease  in  the  effective  height  of  the  antenna.  These 
nuabers  do  not  indicate  all  the  changes  which  take  place. 
The  exact  equations  required  to  solve  for  the  antenna 
geoeetry  are  extresely  cosplex,  but  the  capacitance  factors 
are  useful  in  coaparing  different  antennas. 
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Crossed-Monopole 


2.  smisflzflgaaBgla  saaa  l 


The  crossed- aono pole  Case  2 is  siailar  to  Case  1, 
bat  the  ares  have  been  lowered  3.75  aa  froa  the  top.  The 
carves  are  shown  in  Figure  26.  The  length  of  the  aras  plus 
the  vertical  aeeber  below  the  cross  for  Case  1 is  about  1.1 
tiaes  that  for  Case  2.  For  Case  2 the  fregaencies  at  which 
the  resonance  and  antiresonanance  occurs  has  increased  by  a 
factor  of  1.1  when  coapared  to  Case  1.  The  results  are  as 
anticapated  since  the  resonance  or  antiresonance  of  a 
shorter  antenna  will  occur  at  a higher  frequency  (shorter 
wavelength).  The  capacitance  factors  are  2.57,  2.03,  and 
1.87  for  the  half-wave,  three-quarter-wave,  and  full-wave 
resonant  and  antiresonant  points.  The  effect  of  lowering 
the  aras  can  now  be  observed  in  an  increase  in  the 
capacitance  factors.  The  increase  is  not  directly 
proportional  to  the  decrease  in  the  height  of  the  arns 
because  of  the  geoaetry  of  the  structure,  and  the 
capacitance  factors  are  effected  by  the  change  in  the  charge 
distributions  oa  the  aras  since  they  are  calculated  at 
different  fi^uencies. 
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figure  27  is  a plot  of  the  ispedance  charateristics 
for  the  crossed-aonopole  Case  3.  The  arss  resain  15  as  long 
but  were  lowered  7.5  aa  froa  the  top  of  the  30  a a vertical 
aeaber.  Bhen  coapared  to  the  Case  1 curves  there  is  a shift 
to  the  right  of  all  resonant  and  antiresonant  points  about 
equal  to  the  factor  by  which  the  sua  of  the  ara  plus  the 
vertical  aeaber  below  the  cross  has  decreased.  The 


capacitance  factors  described  above  continue  to  increase  due 
to  the  lower  ara  position. 
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Figure  28  is  a plot  o£  the  iapedance  charat eristics 
for  the  crossed-aonopole  Case  4.  The  IS  ae  eras  are  located 
11  aa  froe  the  top  of  the  30  aa  vertical  aeaber.  Soae 
distortion  cccuts  in  the  curves  at  the  first  antiresonant 
peak  due  to  reflections  froa  connecter  interfaces/  and 
conversion  froa  reflection  coefficient  to  iapedance. 


Bhen  the  curves  are  coapared  to  the  previous  cases 
the  resonant  and  antiresonant  points  continue  to  be  shifted 
to  the  right  due  to  the  shorter  diaension  of  the  vertical 
aeaber  belou  the  cross.  The  capacitance  factors  are  3.2/ 
2.19/  and  1.99  for  the  half-wave/  three-quarter- wave,  and 
full-wave  resonant  and  antiresonant  points.  The  factors 
continue  to  increase  due  to  the  decreased  distance  between 
the  eras  and  the  ground  plane. 


charge  ainiaua  never  occur ed  at  the  junction.  In  Case  3 a 
charge  ainiaua  occured  at  the  junction  at  about  9.2  GHz  or 
near  the  full-nave  antiresonant  point.  Rhen  the  Case  3 
curves  are  coapared  to  the  30  aa  aonopole  curves  the 
full-wave  antiresonant  occurs  at  about  the  saae  freguency 
and  has  the  sane  shape.  In  Case  4 the  charge  ainiaua  occurs 
at  the  ara  location  at  about  7 GHz  when  both  the  30  an 
aonopole  and  Case  4 crossed- aonopole  have  a resistance 
ainiaua  and  the  reactance  curve  with  a snail  value  and 
positive  slope. 


Figure  28.  - Impedance  Versus  Frequency  for  Case  4 Crossed-Monopole 


5.  ssggfijfcttgttttfiala  saag  5 


Figure  29  is  a plot  of  the  input  iepedance 
characteristics  for  the  crossed-aoaopole  Case  5.  The  arss 
are  located  at  the  center  of  the  vertical  aeaber,  and  will 
cause  a charge  sinisus  in  the  distribution  on  the  vertical 
aeaber  to  occur  at  the  an  location  at  about  4.3  GHz.  One 
to  the  location  of  the  charge  niniaua  the  curves  closely 
reseables  a 30  as  aonopole  in  the  area  of  3 to  4 GhZ,  but  at 
5 GHz  there  is  a large  antiresonat  peak.  This  peak  is  due 
to  the  egual  length  of  all  three  loading  elesents  which  when 
contained  with  the  15  ns  vertical  aeaber  below  the  cross 
foras  a high  Q antiresonance  at  this  point. 

The  capacitance  factors  used  in  analyzing  the 
previous  cases  are  of  little  use  due  to  the  effects  of  the 
vertical  aeaber  above  the  cross.  This  liaitation  is  aost 
noticeable  in  the  4 to  5 GHz  range.  However,  the  continued 
shift  to  the  right  of  the  full-wave  antiresonant  point  is 
observable. 
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Figure  29.  - . Impedance  Versus  Frequency  for  Case  5 Crossed-Monopole 


For  the  crossed-aonopole  Case  6 the  stractare  used 
in  Case  4 was  inverted.  This  position  placed  the  aras  9.5 
an  above  the  ground  plane.  The  resulting  input  iapedance 
characteristics  are  shown  in  Figure  30.  The  snail 
antiresonant  peaks  at  3.5  and  10  GHz  are  attributed  to  the 
vertical  aeaber,  and  occur  at  points  when  a aininua  in  the 
charge  distribution  on  the  vertical  aeaber  is  located  at  the 
junction.  The  large  peak  at  6.5  GHz  is  due  to  the  half-wave 
antiresonance  of  the  aras  plus  the  vertical  aeaber  below  the 
cross.  The  distortions  of  the  curves  in  the  5.5  to  8.5  GHz 
range  are  due  to  the  reflections  caused  by  the  connecter 
interfaces  as  discussed  earlier.  The  capacitance  factor  of 
4.17  was  calculated  at  the  half-wave  antiresonant  frequency 
of  6.4  GHz.  This  value  shows  the  increase  in  the 
capacitance  due  to  lower  ara  position. 


j 
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Figure  30.  - Impedance  Versus  Frequency  for  Case  6 Crossed-Monopol 


7.  C£gggtflrB9ttgP9l«  £ias  2 

Figure  31  is  a plot  o£  the  input  impedance 
characteristics  curses  for  the  crossed-aonopole  Case  7.  The 
antenna  was  constructed  by  inserting  the  structure  used  for 
Case  3 placing  the  aras  6 an  froa  the  ground  plane.  The 
resistance  peaks  at  3.5  and  10  GHz  correspond  to  the 
' half* vase  and  full-vase  antiresonance  of  the  tertical  aenber 

and  the  large  antiresonant  peak  at  7.6  GHz  corresponds  to 
the  half-vase  antiresonance  of  the  aras  plus  the  loser 
sertical  neater.  The  capacitance  factor  at  this  point  is 
7.41  and  indicates  the  relatively  large  capacitance  caused 
by  the  short  distance  froa  the  aras  to  the  ground  plane. 

In  Cases  1 thru  7,  15  aa  aras  vere  used  vith  a 30  aa 
sertical  neater.  The  aras  vere  first  placed  on  top  of  the 

sertical  aeaber  and  then  lovered  in  each  successise  case 

. > 

until  they  vere  only  6 aa  froa  the  ground  plane.  ht  each 
resonant  and  antiresonant  point  a capacitance  factor  vas 
. calculated.  This  factor  is  the  aaount  by  vhich  the 
capacitance  of  an  eguisalent  series  or  parallel  resonant 
circuit  vould  hnse  to  increase  in  order  to  shift  the 
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resonant  frequency  froe  that  of  a aonopole  with  a height  of 
the  vertical  aeaber  below  the  cross  to  that  of  the 
crossed- aono pole.  This  factor  decreased  with  incresinq 
frequency  due  to  changes  in  the  charqe  distribution  on  the 
eras  and  increased  as  the  arss  were  lowered.  The  vertical 
aesber  above  the  cross  aay  have  also  effected  the 
capacitance  factor  in  soae  cases,  since  the  exact  relation 
between  the  different  paraaeters  effecting  the  capacitance 
factor  are  unknown  the  effects  could  not  be  separated.  Only 
a qualitative  analysis  could  be  accoaplished.  However,  the 
factors  were  useful  in  coopering  the  different  cases  and 
will  be  used  in  the  following  cases. 
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Figure  31.  - Impedance  Versus  Frequency  for  Case  7 Crossed-Monopole 


a.  <;cgggafc:flgtt9B9l3  Saga  fi  . 

The  following  mt«i  cases  differ  froe  the  first 
seven  cases  in  that  12  an  arns  are  used  insted  of  15  an 
aras.  Figure  32  shows  the  plots  of  the  input  iapedance 
characteristics  for  the  crossed- aono pole  Case  8.  As  in  Case 
1 the  aras  are  placed  on  top  of  the  30  aa  vertical  aeaber. 
When  the  curves  are  coapared  to  Case  1 (Figure  25)  it  can  be 
seen  that  the  resonant  and  antiresonant  points  have  shifted 
to  the  right  corresponding  to  a shorter  antenna.  Also  the 
capacitance  factors  which  are  1.97,  1.73,  and  1.59  for  the 
half-wave,  three-quarter-wave,  and  full-wave  resonant  points 
respectively  have  decreased.  Note  that  the  vertical  scale 
has  been  changed  and  the  peaks  in  Case  8 are  snaller  then  in 
Case  1.  These  results  are  as  an&cipated  since  the  shorter 
aras  will  decrease  the  capacitance  effect  and  also  decrease 
the  height-tc- radius  ratio. 

In  Case  8 an  additional  antiresonant  point  occur ed 
at  11.5  GHx.  This  antiresonant  peak  did  not  occur  in  Case 
1.  Zn  Case  1 the  occurance  of  this  antiresonant  point  would 
require  a current  aiaiaua  and  charge  aaxiaua  at  the 
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Junction.  But  a a the  charge  aaxiaua  builds  up  at  the 
junction  tha  repelling  effect  of  the  charges  on  the  vertical 
neaber  tends  to  decrease  the  build-up,  and  the  aaxiaua  is 
not  reached.  This  effect  was  noted  earlier  in  Case  1 where 
the  capacitance  of  the  eras  decreased  with  increase  in 
frequency  but  never  went  to  zero. 
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Impedance  Versus  Frequency  for  Case  8 Crossed-Monopole 


9.  S£gggq4-agB9PPl«  Sagg  2 


The  Case  9 crossed- aonopole  is  sisilar  to  Case  2 
except  the  aras  are  shorter.  The  input  iapedance 
characteristics  are  shown  in  Figure  33.  Hhen  these  curves 
are  coapared  to  those  of  Case  2 (Figure  26)  one  can  see  that 
the  resonant  and  antiresonant  points  have  been  shifted  to  a 
higher  frequency.  The  capacitance  factors  which  are  2.18# 
1.84,  and  1.63  for  the  half-wave,  three-quarter-wave,  and 
full-wave  resonant  points  respectively  have  decreased. 
These  coaparisons  are  similar  to  those  obtained  when 
coaparing  Case  8 to  Case  1 and  are  as  anticipated.  8hen 
Case  9 is  coapared  to  case  8 it  can  be  seen  that  the 
resonant  and  antiresonant  points  have  been  shifted  to  the 
right,  and  the  capacitance  factors  have  increased.  This  is 
siailar  to  the  coaparison  of  Case  2 to  Case  1 and  gives  the 
saae  results. 


•2 


I Figure  33.  - Impedance  Versus  Frequency  for  Case  9 Crossed-Monopole 
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For  the  Case  10  crossed-aonopole  the  ares  are  7.5  ee 
free  the  top  of  the  vertical  eeaber.  Figuer  34  shows  the 
resulting  input  iepedance  characteristic  curves,  Rhen  these 
curves  are  ccapared  to  the  Case  3 (Figure  27)  and  Case  8 
(Figure  32)  the  results  are  the  sane  as  was  obtained  in  the 
previous  two  cases. 


Figure  35  shows  the  plots  for  the  input  iapedance 
characteristics  of  the  Case  11  crossed- aonopole.  Rhen 
compared  to  Case  4 (Figure  28)  the  resonant  and  antiresonant 
points  have  shifted  to  the  right  due  to  the  shorter  aras. 
Also  the  capactance  factors  which  are  2. 96,  2.11,  and  1.91 
for  the  half-wave,  three-guarter-vave,  and  full-wave 
resonant  pointsrespectively  have  decreased. Rhen coapared 
to  Case  8 (Figure  32)  the  resonant  and  antiresonant  points 
have  shifted  to  the  right  due  to  the  decrease  distance  of 
the  aras  plus  the  vertical  aeaber  below  the  cross,  and  the 


capacitance  factors  have  increased  because  the  ares  are 
closer  to  the  ground  plane.  These  results  agree  with  those 
obtained  earlier. 


Figure  |34.  - Impedance  Versus  Frequency  for  Case  10  Crossed-Monopole 
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Figure  35.  - Impedance  Versus  Frequency  for  Case  11  Crossed-Monopole 
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12.  ttgggsjfcflflQgpgla  sags 

For  the  Case  12  crossed-aonopole  the  12  as  ares  are 
positioned  in  the  center  of  the  vertical  aeaber.  The  input 
iapedance  carves  are  shown  in  Figure  36.  The  antiresonant 
peak  at  4 GHz  is  caused  by  the  half-wave  antiresonance  of 
the  vertical  aeaber.  The  large  peak  at  5.5  GHz  is  caused  by 
the  half-wave  antiresonance  of  the  aras  plus  the  vertical 
aeaber  below  the  cross.  The  reaaining  antiresonant  peak  at 
11.8  GHz  is  caused  by  the  full -wave  antiresonance  of  the 
aras  plus  the  vertical  aeaber  below  the  cross. 

As  was  observed  in  Case  5*  (Figure  39)  the  effects  of 
the  vertical  aeaber  above  the  cross  can  be  seen  froa  3 to 
4.5  GHz  because  there  will  be  a ainiaua  in  the  charge 
distribution  on  the  vertical  aeaber  collocated  at  the 
juactioa  at  4 GHz.  The  curves  were  coapared  to  Case  5 where 
longer  aras  at  the  suae  position  were  used  and  to  Case  8 
where  era  length  is  the  saae  but  the  position  is  higher. 
The  results  are  the  saae  as  those  obtained  in  siailar 
coaparisons 
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Figure  36.  - Impedance  Versus  Frequency  for  Case  12  Crossed-Monopole 


(Figure  30)  and  Case  8 (Figure  32) . . The  half-nave 
antiresonant  point  of  the  arns  plus  the  vertical  aenber 
below  the  cross  occured  at  a higher  frequency  due  to  the 
shorter  arns  when  coapared  to  Case  6 and  due  to  the  saaller 
vertical  aenber  below  the  cross  when  coapared  to  Case  8. 
The  capacitance  factor  at  this  point  was  3.39  which  is 
saaller  than  in  Case  6 due  to  the  shorter  aras,  but  larger 
than  in  Case  8 due  to  the  decreased  distance  to  the  ground 


plane 
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Impedance  Versus  Frequency  for  Case  13  Crossed-Monopole 


10.  Cromd-gonopol.  Silt  IS 

The  structure  used  in  Case  10  was  inverted  to  sake 
the  structure  for  Case  14.  The  input  iapedance  curves  for 
Case  14  are  shown  in  Figure  38.  The  effects  of  the 

half-wave  antiresonance  of  the  vertical  aeaber  are  observed 
at  3.5  6 Hz , and  the  larger  antiresonant  point  at  8.5  GHz  is 
due  to  the  eras  plus  the  vertical  aeaber  below  the  cross. 
The  distortions  in  the  curves  beyond  9 GHz  Unit  any 
conclusions  which  can  be  drawn  in  this  area.  Couparisons  to 
other  cases  gives  the  sane  results  as  those  obtained 
earlier. 

I II  I 
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In  order  to  separate  the  effects  of  different 
■enters  of  the  crossed-sonopole,  the  vertical  aeeher  above 
the  cross  was  removed  from  the  structure  used  in  Case  13. 
The  resulting  iapedance  curves  are  shown  in  Figure  39.  Bhen 
these  curves  are  cospared  to  those  for  Case  13  (Figure  37), 
it  is  apparent  that  the  ssall  antiresonant  effects  at  3.5 
and  10  GBz  were  caused  by  the  vertical  seaber.  The  larger 
antiresonant  point  at  7 GHz  which  occurs  in  both  cases  is 
due  to  the  arss  plus  the  vertical  seaber  below  the  cross. 

In  Case  15  there  is  an  appearance  of  two  peaks  in 
the  half~wave  antiresonant  peak.  The  second  peak  is 
probably  cansed  by  resonant  effects  on  the  arss.  These 
peaks  are  not  observed  in  the  case  13  curves.  Although  the 
distortions  in  this  area  say  have  covered  the  effect,  it  is 
believed  that  the  effect  of  the  vertical  sesber  above  the 
cross  prevented  the  second  peak  fros  occuring. 
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Figure  39.  - Impedance  Versus  Frequency  for  1 . Case  15  Crossed-Monopole 


16.  Cr oaaed-H onopoly  Ctit  1$ 


The  structure  used  in  the  Case  16  crossed- nonopole 
in  sinilar  to  that  an ad  in  Can*  15  except  it  has  only  ona 
aca.  Tha  resulting  input  iapadanca  cnrvaa  are  shown  in 
Fignra  40.  In  coaparing  tha  prawions  caaas  littla  wa a said 
about  tha  differences  in  tha  nagnitudaa  of  tha  diffarant 
cur res  sinca  in  aoat  caaas  thara  was  only  saall  changas  and 
thasa  could  ba  axplanad  by  changas  in  tha  height-to- radius 
ratio,  than  coaparing  Casa  16  to  Casa  15  this  is  not  trua. 
For  Casa  15  tha  anxious  in  tha  rasistanca  curwa  is  900  ohas 
and  tha  half-ware  antirasonanca  occurs  at  7.25  GHz  which 
corresponds  to  a aonopola  of  17.12  as.  For  Casa  16  tha 
rasistanca  at  tha  half- war a antirasonanca  is  700  ohas  and 
occurs  at  a frag nancy  corresponding  to  a 19.86  as  aonopola 
which  is  a lower  peak  and  larger  height- to- radius  ratio. 
The  change  in  tha  aagnitude  of  tha  rasistanca  curwa  and  tha 
change  in  tha  slope  of  the  reactance  curre  at  antiresonance 
shows  that  there  is  a change  in  the  Q of  the  antiresonance. 
h change  in  the  Q can  not  he  accounted  for  by  only  a change 
in  the  capacitance,  therefore,  the  capacitance  factors  used 
in  coaparing  prewious  cases  are  no  longer  ralid. 
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Figure  40.  - Impedance  Versus  Frequency  for  Case  16  Crossed-Monopole 


Figure  41 (a)  shows  the  currsat  distribution  for  the 
Cass  16  crossed-aonopole  at  half- wavs  aatiresonaace.  Figure 
hi  (b)  shows  the  currsat  distribution  for  the  Cass  IS 
crossed- aoao pole  at  the  sass  fregueacy.  By  cospariag  the 
two  distributions  one  can  see  that  due  to  the  additional 
current  caused  by  the  second  ara  in  case  15  the  distribution 
on  the  vertical  aeaber  below  the  cross  has  shifted,  and  the 
half-wave  antiresonant  point  will  occur  at  a higher 
freguency. 

Figure  41  (c)  shows  the  current  distribution  for  the 
Case  16  crossed- no no pole  at  guar ter- wave  resonance.  Figure 
41(d)  shows  the  current  distribution  for  the  Case  15 
crossed-eonopole  at  the  sane  freguency.  then  the  two 
distributions  are  coapared  the  additional  current  of  the 
second  ara  causes  the  guarter-wave  resonance  for  Case  16  to 
occur  at  a lower  freguency  than  for  Case  15.  This  analysis 
agrees  with  the  seasared  iapedance  curves  in  the 
guarter-wave  resonance  area. 
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For  th«  caaa  17  croaaad-aonopola  tba  9.5  aa  Tactical 
aaabac  balow  tba  croaa  ia  loadad  with  thraa  alaaaata  all  of 
diffarant  langtha.  Zha  raaultiag  input  iapadanca  curwaa  aca 
ahown  in  Figura  42.  Caaa  6 (Figura  30)  and  Ca aa  13  (Figura 
37)  hawa  tha  araa  at  tha  aaaa  position  with  both  arna  15  aa 
long  for  Caaa  6 and  12  an  long  for  Caaa  13.  Bhaa  tha  thraa 
aata  of  curwaa  ara  coaparad  ona  can  aaa  that  tha  larga 
half- vara  antiraaoaant  point  for  Caaa  17  occura  batwaan  tha 
half~wava  antiraaonaat  points  for  caaa  6 and  Caaa  13.  ilao 
tha  capacitanca  factor  at  thia  point  which  ia  4.04  for  Caaa 
17  ia  largar  than  tha  3.39  for  caaa  13  and  saallar  than  tha 
4.17  for  Caaa  6. 

Zha  aaallar  antiraaoaant  points  at  3.5  and  10  GHz 
ara  dua  to  tha  wartical  aaabar  and  ara  obaarwabla  on  all 


thraa  aata  of  curraa.  zha  additional  of fact  at  4.5  GHz  aaan 
on  tha  caaa  17  cwrwas  ia  cauaad  bj  raaonaaca  on  tha  total 
ara  of  laagth  27  aa.  Zhis  affact  waa  not  aaan  in  Caaa  6 or 
Caaa  13  bacaaaa  it  waa  cowarad  by  tha  largar  antiraaoaant 


poiata. 
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Figure  4J.  - Impedance  Versus  Frequency  for  Case  17  Crossed -Monopole 


18.  CtflmflTfl9flg89ll  Sift*  4i 


figure  43  shows  ths  isput  iapedance  characteristics 
for  ths  Cass  18  crossed-aonopole.  Ths  crossed-aonopole  was 
constructed  by  placing  a singls  12  as  ars  9.5  sa  above  ths 
ground  plans.  Bhsn  ths  curves  ars  cosparsd  to  those  for 
Cass  16  (Fignrs  40)  whsrs  ths  vsrtical  ssabsr  above  the 
cross  has  been  reaoved  it  can  be  seen  that  the 
antiresonahces  at  3.5  and  9.5  GHz  ars  canssd  by  ths 
vsrtical  ssabsr.  Ths  psak  in  ths  rssistancs  curve  at  6.25 
GHz  is  ths  half-wavs  antirssonaacs  of  ths  ars  pi os  ths 
vsrtical  ssabsr  bslov  ths  ars  and  occurs  at  ths  saas  placs 
in  both  plots. 

Ihsa  ths  corvss  for  Case  18  ars  cosparsd  to  thoss 
for  Cass  13  (fignrs  37)  ths  shift  in  ths  largs  antirssonant 
point  das  to  ths  saaastion  of  ths  cnrrsnt  at  ths  junction 
can  bs  assn,  is  diacnaasd  sarilsr  the  capacitance  factors 
ass  no  longer  useful  due  to  ths  change  in  ths  Q*  however* 
ths  left  shift  in  the  antirssonant  point  for  Cass  18  say  bs 
ceased  by  as  increase  is  iadactaace.  Ths  ars  foras  a half 
loop  with  tbs  vsrtical  ssabsr  which  is  canceled  in  ths  case 
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with  two  axis  bat  way  add  indactanca  in  tha  case  of  a single 
era.  Also  tha  affects  of  the  vertical  saabar  are  sore 
noticeable  doe  to  tha  decreased  effect  of  the  single  ars 
when  coapared  to  the  antenna  with  two  aras. 
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19.  SMmflzflgngealg  £&u  12 


For  Case  19  a single  ara  was  placed  19  an  above  the 
ground  plane.  The  resulting  input  iapedance  curves  are 
shown  in  Figure  44.  When  these  curves  are  coapared  to  those 
of  Case  11  (Figure  35)  where  two  aras  are  used,  one  can  see 
that  the  half-wave  antiresonant  point  for  Case  19  occurs  at 
a lower  freguency  than  for  Case  11  due  to  the  effects  of  the 
additional  current  at  the  junction  caused  by  the  second  ara. 
Also  the  peak  of  the  resistance  curve  is  saaller  for  Case 
19. 
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Figure  44.  - Impedance  Versus  Frequency  for  Case  19  Crossed-Monopole 


20.  Croased-Hqnopole 


Crossed-eonopole  Casa  20  has  a single  ara  7.5  ss 
fros  the  top  of  the  30  as  vertical  aeaber.  Figure  45  shows 
the  input  iapedance  characteristics  for  Case  20.  is  was 
seen  for  Case  19,  when  coapared  to  a structure  with  two  eras 
at  the  saae  position  (Case  10,  Figure  34)  the  half-wave 
antiresonant  point  occurs  at  a higher  freguency  and  has  a 
saaller  aagnitude. 

ihen  Case  20  is  cospared  to  Case  19  (Figure  44) 
which  has  a single  ara  at  a lower  position  the  circuit 
aodels  used  earlier  can  again  be  eaployed.  The  resonant  and 
antiresonant  points  for  Case  19  occur  at  a higher  freguency, 
and  the  capacitance  factors  which  are  3.04,  2.22,  and  2.09 
for  the  half-wave,  three-gnarter-wave,  and  full-wave  points 
are  larger  than  the  2.58,  1.94,  and  1.82  for  Case  20. 


Figure  45.  - Impedance  Versus  Frequency  for  Case  20  Crossed-Monopole 


71.  CQBggiSQM  QL  UmiUiM  BSSK.I5  JUZA  MflflSMCAl 

UAU2IS 


The  Antennas- sea tterers  Analysis  Progras  (ASAP)  [He 
Coraack,  1974]  was  used  to  generate  input  iapedance  curves 
for  a 30  as  aonopole  and  a Case  13  crossed-sonopole.  The 
ASAP  progras  uses  the  aethod  of  aonents  [Harrington  1968] 
with  piecewise- sinusoidal  bases  function  applied  using 
6alerkin*s  aethod.  The  progras  was  developed  by  aodifying 
the  Ohio  State  University  A nteanas-Sca tterers  Analysis 
Progras. 

The  progras  has  no  aeans  of  autoaatically  scanning  a 
frequency  range.  Bach  iapedance  point  required  recycling 
the  progras  and  a separate  data  card  for  each  frequency. 
The  iapedance  points  were  calculated  for  every  200  HHz  froa 
2 to  12  OBs.  The  resulting  data  was  entered  in  the  HP  9821 
A calculator  and  then  ploted  on  the  HP  9862  A plotter. 

A.  HO HO POL I 
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Figure  46  is  the  plot  of  the  calculated  input  iapedance 
for  a 30  aa  aono pole  obtained  using  the  hSJLP  prograa.  The 
frequencies  of  the  resonant  and  antiresonant  points  agrees 
with  those  of  the  aeasured  curves  and  the  theoretical 
curves.  However,  the  aagnitude  of  the  curves  aore  closely 
reseables  that  of  a aoaopole  with  height -to- radius  ratio  of 
40  rather  than  the  actual  height-to-radius  ratio  of  60.  The 
cause  of  this  error  is  unknown.  The  liait  of  the  radius  to 
wavelength  ratio  for  the  prograa  was  exceeded  above  6.6  GHz 
and  the  data  above  this  frequency  any  be  in  error. 
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Figure  46.  - Impedance  Versus  Frequency  Calculated  Using 
the  ASAP  Program  for  the  30  mm  Monopole 


B.  CIOS  SED-fl0»0  POLE 


Figure  47  is  a plot  o£  tho  calculated  iapadanca  for  a 
crossed* aoaopola  with  tbs  sass  dissnsion  as  those  for  the 
Case  13  crossed* aoaopola  used  above.  Bhea  the  curves  are 
coapared  to  those  obtained  experiaentally  (Figure  37)  the 
first  aatiresonant  point  at  3.75  GHz  occurs  at  the  saae 
frequency  and  has  the  saae  aagnitude  on  both  sets  of  curves. 
This  peak  is  due  to  the  half*vave  antiresonance  of  the 
vertical  aeaber. 

The  large  antiresonant  point  in  the  center  of  the  curves 
is  due  to  the  half*vave  antiresonance  of  the  eras  plus  the 
vertical  aeaber  below  the  cross.  In  the  coaputer  curves 
this  point  occurs  at  about  6.2  GHs  while  the  aeasured  curves 
show  the  point  at  7 GHz.  At  this  antiresonant  frequency 
there  will  be  a charge  aaziaua  at  the  junction.  The 
coaputer  prograa  has  no  provisions  to  account  for  charge 
accaaelatioa  at  the  junction,  and  this  error  is  probably  the 
reason  for  the  difference  in  the  two  sets  of  curves.  The 
full*veve  aatiresoaant  point  of  the  vertical  aeaber  is  also 
not  observable  oa  the  coaputer  curves.  This  difference 
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CRSE  I 3 CROSSED -MDNDPPLE 


Figure  47.  > Impedance  Versus  Frequency  Calculated  Using  the 
ASAP  Program  for  Case  13  Crossed-Monopole 


tzi.  cflittgam 


Thu  add it on  of  a cross  at  tha  top  of  a sonopols  altars 
the  input  inpadnnca  char act aristics  to  that  of  a tailor 
sonopola/  Lo waring  tha  cross  dacraasad  tha  affective  haight 
of  tha  antaana.  Shortaning  tha  arns  also  dacraasad  tha 
affactivs  haight.  Tha  apparant  incraasa  in  tha  haight  of 
tha  noaopola  dna  to  tha  cross  was  found  to  ba  a function  of 
frequency  dna  to  tha  changa  in  tha  charga  distribution  on 
tha  arns.  than  a crossed-aonopole  with  ona  ara  was  coaparad 
to  a crossad-aonopola  with  two  arns  it  was  found  that  tha 
additional  ara  lacraassd  tha  affactira  haight  at 
quarter- wave  rosonanca  but  dacraasad  tha  affactiva  haight  at 
half-wave  antirasonanca.  This  affact  is  causad  by  a phasa 
shift  in  tha  currant  distribution  on  tha  lowar  vortical 
naabar  dua  to  tha  additional  currant  of  tha  sacond  ara. 

•f  tbs  asa  of  fraguaacy  scaling  tha  data  givaa  in  this 
report  can  ba  applied  to  crossed- noaopola  antennas  of 
various  situs,  a predefined  input  lapedaace  characteristic 
any  also  ba  ap pros last  ad  by  the  proper  placeaeat  of  arns  of 


ltd 


soitabla  langth 


Tha  raaults  of  tha  naaarical  analysis  shows  arrors  in 
tha  ispadanca  curwas  bacaasa  charga  acconulation  at  tha 
Sanction  was  not  accoontad  for-  Also,  dua  to  tha  thin  hira 
approxiaatioa  asad  in  tha  progras  tha  accuracy  of  tha 
rasolts  at  high  radios-to-wavalangth  is  lisitad. 
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